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ABSTRACT: In order to highlight the potential of photodynamic antimicrobial
chemotherapy in case of infections by antibiotic resistant-strains, a new antimicrobial
peptide conjugate has been synthesized, consisting of a derivative of polymyxin B and a
cationic porphyrin covalently attached together to a spacer. A polymyxin-derived moiety
was subjected to a primary structural modification in the replacement of four
diaminobutyrate residues with lysine ones. This modification was done in order to
strongly reduce bactericidal activity, with the aim to eliminate the potential rise of
polymyxin-resistant strains. Despite this modification, this new conjugate displayed a strong
photobactericidal activity against Gram-positive as well as Gram-negative bacteria. It was
further shown that this conjugate was able to strongly stick to the cell walls of either kind of
strain, thus helping to inactivate bacteria through the production of reactive oxygen species
under light irradiation.
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Since the introduction of penicillin in the 1940s, the era of
conventional antimicrobial drugs (commonly known as

antibiotics) was considered as miraculous, given that these
treatments had significantly decreased the death rates from
bacterial infections.1 Despite the well-known rise of resistant
bacteria, these drugs have been wrongly used all around the
world, due in particular to faulty communications and common
beliefs.2 In addition to bacterial resistance, leading to the
emergence of superbugs or multidrug resistant (MDR) strains,
the pace of new antibiotic discoveries has gradually slowed
down in recent years.3,4 The issues due to microbial resistance
are currently recognized worldwide by health organizations.5

Consequently, alternative strategies to reduce the impact of
microbial infections have been investigated. Among them,
photodynamic antimicrobial chemotherapy (PACT) appeared
as a promising alternative since, contrary to antibiotherapy, it
did not induce bacterial resistance.6 This technique relies on
the light activation of photosensitizers (PS), which, in the
presence of dioxygen (3O2) and under appropriate irradiation,
leads to a local production of cytotoxic reactive oxygen species
(ROS) like singlet oxygen (1O2), hydrogen peroxide, or
oxygen-centered radicals. However, besides its advantages, the
major drawback of PACT lies in its lack of specificity since
photoinduced ROS may be deleterious to bacteria and infected
tissues as well.7 Thus, in order to take advantage of the
promising potential of PACT, many researchers have

successively improved this alternative to antibiotics by using
chemistry8−10 or delivery methods.11,12 In a previous work, a
conjugate consisting of a cationic porphyrin (efficient PACT-
tested PS13) covalently bound to a polymyxin derivative
(antimicrobial peptide,14 1, Figure 1A) has been developed (5,
Figure 1B).15 In addition to a selective interaction with bacteria,
this conjugate showed a better photobactericidal activity than
the tetra(N-methylpyridyl)porphyrin alone (TMPyP, Figure 1-
C). The polymyxin derivative, on which this conjugate was
based, retained most of the antibiotic activity of genuine
polymyxin, ensured by binding to the lipid A of the Gram-
negative bacteria cell wall.16,17 Such an active conjugate might
ease a transition to PACT through a light-enhanced
antibacterial activity. Despite the promising results obtained
with this conjugate, we investigated an approach aimed at
decreasing the antibacterial activity of the peptidic moiety while
preserving its target specificity. The rationale behind this
modification was to reduce the potential rise of microbial
resistance against polymyxin B. Even if a peptidic modification
would raise some uncertainties about targeting, such an efficient
photosensitizer devoid of resistance-inducing properties would
provide a considerable opportunity for PACT. To reach this
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objective, a new polymyxin derivative was designed by
switching all the remaining dab residues with lysine (expect
residue #4, the dab residue involved in the cycle formation)
(1Lys, Figure 1D). Such a compound may offer a good
interaction but a reduced biological activity.18 Based on a
strategy described in a previous communication,15 we report
here the synthesis, characterization, and photobactericidal
properties of a conjugate made of a cationic porphyrin
covalently bound to a lysine analogue of polymyxin B (5Lys)
(Figure 1-E).
The impact of lysine residue in polymyxin has been only

studied with nonapeptides,19 whereas 5Lys is more related to
the initial structure of polymyxins. Nevertheless, Liao and co-
workers have shown that the structural fold of the lysine
analogue shares similarities with original PMB.20 However, all
these studies have already underscored the sufficient interaction
between Gram-negative bacteria and lysine-inspired peptides.21

The synthesis of this conjugate was simply achieved by
following a protocol already described in a previous
communication (Figure S1).15 The amino acid switching did
not bring any additional difficulty and the final compound was
clearly characterized by HRMS and NMR (Figures S2−S6). As
expected, this conjugate 5Lys displayed photophysical proper-
ties similar to previously synthesized compound 5 (Figures S7−
S8, Table S1), indicating that any potential difference between
their biological activities must be associated with the peptidic
modification.
Bactericidal properties of compounds 1Lys and 5Lys have

been tested against three bacterial strains (E. coli, P. aeruginosa,
and S. aureus) in the dark and in the presence of light, and
compared with the properties of the parent compounds 1 and 5
(Table 1).15 Compound 1Lys, in which four dab residues of
compound 1 were switched for lysine, displayed a strongly
reduced activity against Gram-negative bacteria. A MBC of 50
μM was recorded with compound 1Lys against E. coli, vs 5 μM
with compound 1; the same shift was observed with compound
5Lys in comparison with compound 5, with MBC equal to 25
and 1.2−5 μM, respectively, against the same strain in the dark.
Compounds 1Lys and 5Lys were completely ineffective in the

dark against P. aeruginosa (even at 100 μM), while the parent
compounds 1 and 5 showed MBC of 10 μM in the same
conditions. We found that, in the presence of light, the
bactericidal activity of compound 5Lys was restored to the level
found with compound 5, with MBC of 0.8 vs 0.5 μM,
respectively, against E. coli. A similar effect was recorded against
P. aeruginosa, although with a higher value of MBC, 8 vs 2.5
μM. We showed in the previous article that compound 5 was
endowed with photobactericidal properties against S. aureus.15

The present results show that the Dab/Lys switches had little
influence on MBC, 1.2 vs 0.8 μM for compounds 5Lys and 5,
respectively, against this Gram-positive strain. Since the
enhanced activity of compound 5 against this strain was
based on its strong positive charge, this result seems to be
consistent as 5Lys has an equal charge but longer side chains.
Table 1 also shows that compound 5Lys was more active than
the cationic porphyrin TMPyP alone against the three bacteria
studied, which suggests a synergic effect between the two
moieties despite the weak activity of the Lys analogue of
polymyxin.

Figure 1. Structures of (A) initial polymyxin derivative (1); (B) the previous cationic porphyrin−polymyxin B conjugate (5); (C) tetrakis(N-
methylpyridyl)porphyrin (TMPyP); (D) Lysine analogue of polymyxin (1Lys); and (E) studied conjugate based on the lysine analogue (5Lys).

Table 1. MBCs (μM) against S. aureus, P. aeruginosa, and E.
coli under Two Different Conditions at 37 °C; 20 h of White
Light Irradiation (4.83 mW/cm2) and in the Darka

MBC (μM)

S. aureus P. aeruginosa E. coli

compd light dark light dark light dark

115 >50 >50 10.0 10.0 5.0 5.0
515 0.8 2.5 10.0 0.5 1.2−5.0
1Lys >100 >100 50.0 50.0
TMPyP 5.0 20.0 18.0
5Lys 1.2 8.0 >100 0.8 25.0

aThese assays were performed in tryptic soy culture medium, with
bacteria in their log phase. The minimal bactericidal concentration
corresponds to the concentration of the active compound for which
99.99% of the bacteria have been killed (i.e., 4 log reduction compared
to the untreated control). Four replicates were performed for each
condition.
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These results were confirmed through an additional set of
experiments (Figure 2). For these assays, a large amount of

bacteria were harvested and directly put in contact with the
compounds in PBS. After 30 min of incubation in the different
solutions, bacteria were washed twice with PBS, suspended in
the same solution, and then irradiated under the same light
conditions as before. The bacterial densities and the survival
rate were monitored as a function of irradiation time. Whereas
compound 5Lys seemed to be slightly less effective than 5
against S. aureus (Figure 2A), the results against Gram-negative
bacteria were interesting. Indeed, 5Lys showed an efficiency

similar to that of conjugate 5 against E. coli (Figure 2C), but a
better efficacy against P. aeruginosa (Figure 2B). Despite these
slight discrepancies, 5Lys offers a wide-spectrum of bactericidal
effect starting from the first income of light. Based on the
results from both experiments, 5 and 5Lys seem to have a close
photobactericidal capacity, whereas the activity of 5Lys is
significantly weaker than 5 in the dark, in accordance with the
main purpose of this study.
Because of the peptidic modification, supplementary bio-

logical assays were necessary. Even if the biological assays have
proven a synergistic effect of the two different moieties of
compound 5Lys, an uncertainty remains about the potential
interaction of this compound with bacteria. Then, flow
cytometry experiments were tried out in the same experimental
condition as before (Figure 3).15 Propidium iodide (PI) was

added as a marker of membrane integrity. The analysis with S.
aureus has shown an unexpected result. In spite of the good
amount of labeled bacteria (Q2 + Q4 = 23.8%), which was
already observed with compound 5, the repeated washings did
not reduce the percentage of the labeled population. Thus, this
result may indicate a strong attachment of this lysine analogue
to this strain. Among the numerous studies focused on the
structure−activity relationship of polymyxin, some of them
have already highlighted an increase of activity against Gram-
positive strains after a peptidic modification.22−24 Most of these
studies assigned this new efficiency to a decrease of the cationic

Figure 2. Photodynamic inactivation of S. aureus (A), P. aeruginosa
(B), and E. coli (C) in their stationary phase. After 30 min in the
different solutions of 5Lys (10 μM for S. aureus and E. coli, 1 μM for P.
aeruginosa in PBS 1×), bacteria were washed three times with PBS.
Then, they were irradiated by white LED (4.83 mW/cm2, 7 J/cm2

corresponds to 24 min) at 37 °C. Bacterial survival rates (% of initial
densities) were plotted against cumulative light fluence at different
irradiation times.

Figure 3. Flow cytometry analyses of bacterial strains after contact
with 5Lys. The bacteria were incubated in a solution of 5Lys (1 μM)
for 30 min at 37 °C, then washed with saline. PI was added (0.01 mg/
mL) in order to appreciate the bacterial viability. Q1 refers to bacteria
with permeable membrane (PI positive). Q2 refers to double positive
bacteria (PI positive and PS positive). Q3 and Q4 refers to live
bacteria (PI negative) of which Q4 are labeled with PS. Based on three
independent experiments, the average population repartition is
specified for each condition.
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charge or an increase of the lipophilic trend, which is not the
case here. Anyhow, compound 5Lys seems to bind to the
Gram-positive bacterium without inducing any bactericidal
activity.
The cytogrammes obtained from the experiments with P.

aeruginosa show a less well-defined distribution of the
populations. Anyway, more than 30% of the bacteria seem to
be strongly labeled by 5Lys. Even if it did not show a
bactericidal effect against this strain, the peptidic moiety of this
compound still has a significant affinity for the bacterial outer
membrane. Moreover, this membrane seems to be weakened as
a consequent amount of bacteria is PI positive (Q2 + Q4 =
64.5%). This effect is less pronounced than with previous
conjugate 5 (80%).15 Despite its lack of bactericidal activity, the
lysine-based compound 5Lys showed a capacity to weaken the
outer membrane of P. aeruginosa. Thus, this retained ability
offers an opportunity for ROS to inactivate the bacteria, in
accordance with low MBCs after light irradiation. Similar
behaviors were already described for few polymyxin derivatives
(such as PMBN19), and they are generally assigned to a lack of
fatty acid chain, which leads to a weaker uptake in the outer
membrane (OM). Thus, lysine residues may hinder the
inclusion of the hydrophobic part of 5Lys into the OM.
Anyway, this result was also confirmed by experiments against
E. coli, where at least 30% of bacteria were labeled by 5Lys.
Thus, in spite of less efficient interaction than with previously
synthesized compound 5, conjugate 5Lys still has a good
affinity for bacteria and has the ability to weaken the outer
membrane, leading to an enhanced photobactericidal activity.
Confocal microscopy analyses were performed to visualize

interactions between bacteria and 5Lys (Figure 4). The pictures
with bacteria alone in contact with 5Lys revealed a significant

fluorescence, which is very similar to that obtained with the
previous conjugate 5. As the peptidic modification could lead to
a new and unexpected interaction with mammal cells, the
selectivity of the new conjugate 5Lys was also investigated
using normal dermal human fibroblasts (NDHF) incubated
together with bacterial strains. As the cytotoxicity of 5Lys on
NDHF was similar to 5 (Table S2), the lysine analogue of
polymyxin 5Lys did not seem to have any affinity for NDHF
cells since confocal imaging showed no additional fluorescence
emission from these cells. Moreover, in compliance with
cytometry flow experiments, both bacterial strains incubated
with NHDF cells have kept a noticeable fluorescence. Thus,
despite a slightly weaker bacterial interaction, the ability of this
new conjugate to selectively target bacteria has been retained.
This additional investigation of a new targeting agent for

PACT has highlighted promising interest for the lysine
analogue of polymyxin. Indeed, peptide 1Lys and the peptidic
moiety of conjugate 5Lys have shown a significant loss of
activity in the dark. Nevertheless, affinity of 5Lys for bacteria
and its ability to weaken the bacterial membrane has been
mostly preserved. Unfortunately, the substantial peptidic
modification prevents us from finding a clear interpretation as
lipid A targeting is not ensured anymore. Anyhow, by using this
peptide through a conjugate with a cationic porphyrin, ROS
production led to very low MBCs. An incertitude remains
about the establishment of the resistance from the bacteria that
are in contact with such compound, as the bacterial inactivation
seems to be induced by PACT only. Such conjugate should
resolve this question in further studies and should challenge the
limits of resistance to PACT.

Figure 4. Confocal laser scanning microscopy imaging of S. aureus (left) and P. aeruginosa (right) after contact with 5Lys (100×). NHDF cells and
bacteria were mixed together before treatment with 5Lys (40×). Inocula were suspended into solution of 1 μM for 30 min in 37 °C, then washed
three times with PBS.
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■ EXPERIMENTAL PROCEDURES
Based on our previous work, identical materials (including devices,
bacterial strains, and mammalian cell lines) and methods have been
used in order to provide homogeneous experimental conditions.15

Chemical Synthesis. Synthesis of 5-(4-(Maleimidohexanoami-
dophenyl)-10,15,20-tri(4-N-methylpyridinium)porphyrin Triiodide
(4) and Synthesis of PMB-Lysine Derivative (1Lys). The used
protocols have already been described in the previous communication.
From the peptidic preparation, the Fmoc-Dab(Boc)-OH has been
switched with Fmoc-Lys(Boc)-OH during the sequential peptide
formation. Likewise, Fmoc-Lys-O-allyl was synthesized using similar
conditions as those used for the synthesis of Fmoc-Dab-O-allyl. HRMS
(ESI+) [C62H109N15O13S]: [M + 2H]2+ calcd 652.9103, found
652.9088.
Synthesis of the Final Conjugate Porphyrin-PMB (5Lys).

Compound 4 (41.6 mg, 33.2 μmol, 1 equiv) and 1Lys (43.3 mg,
33.2 μmol, 1 equiv) were dissolved in a phosphate buffer solution (0.5
M) at pH 6.5. The mixture was gently stirred overnight at room
temperature. The crude was directly purified by reverse phase
chromatography. The freeze-dried final product 5Lys was obtained
as a brown powder with 69% yield (58.5 mg, 22.9 μmol). UV−visible
(MeOH), λmax (nm) (ε log L·mol−1·cm−1): 427 (5.31), 519 (4.14),
556 (3 .86) , 594 (3 .73) , 650 (3 .36) . HRMS (ESI+)
[C116H157I3N24O16S]: [M]3+ calcd 724.7305, found 724.7334.
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